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1 Introduction
Manufacturing is the cornerstone of technological advancement and a key driver of mod-

ern society allowing us to produce everyday items as well as the tools to make them. The
process consists of taking raw materials and transform them via energy to obtain the desired
product. Traditionally, this can be done via a subtractive model where material is removed
from the bulk to give its final shape or as in the replicative model, a shaping tool can be
utilized as a means where the material can be added or deformed. In recent times, a third
approach known as additive manufacturing (AM) has emerged, that bases its foundations
on addition of material but without the requirement of a shaping tool.

Additive manufacturing (AM) enables the production of components by using materials
such as wire, powder, or photoresist material as the feedstock. Through various consolidation
mechanisms, successive layers generated from the slicing of a 3D CAD model are fused to
build the final part [1]. Overall, it can be said that complex geometries can be manufactured
in little time with lower cost. The speed is just not a matter of fact of building time but also
takes into account the iterative process that is common with the traditional methods as well
as the capability to manufacture the products on site as compared to shipping from a spe-
cialized traditional manufacturing plant [2]. Which makes this technology shine especially
in the case of prototyping, an essential step with every product that reaches the market.
Furthermore, some of the geometries might require very specialized equipment to manufac-
ture where some might not even be possible to manufacture at all. Due to these advantages,
extensive research is being conducted to advance the underlying technology, optimize pro-
cess parameters, and tailor them to different materials and consolidation mechanisms. The
various AM processes are summarized in figure 1.

Figure 1: The classification of various AM processes based on the feedstock state [3]

Additive manufacturing unfortunately does not just come with its advantages. Due to
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the layer by layer nature of the process, a stairway effect can be seen which shows itself as
roughness on the surface. Furthermore, for reasons such as gas entrapment, vaporization
or insufficient bonding between the layers internal porosities can also form [4]. Following
the scan of the laser path, if always oriented in a certain direction a texture can result in
the microstructure which can result in anisotropy in certain properties. Finally each process
under AM has its own resolution which regulates the smallest feature or the tolerance in
which the part can be produced. In combination with shrinkage and warping, geometrical
accuracy is prone to differ from that of CAD drawings. These challenges as well as their
significance can be illustrated as in figure 2.

Figure 2: The common defects a) illustrated and b) categorized in significance in relation to
production methods [5]

These defects in addition to others such as internal stresses commonly observed in metal
AM, dictates the final performance of the part and whether it is applicable to be used in their
respective application. For instance the AM of Q/V/W band RF/Microwave hardware is one
researched application area of metal AM. For this purpose, it is noted that the geometrical
accuracy as well as the roughness of the produced parts dictates whether these additively
manufactured parts has the feasibility to be used in this area [6]. Often this is not the case
for as built parts, and extra processing steps are necessary. These extra processing steps are
defined as post-processing where the aim is to get rid of or minimize any defects that arise in
the duration of the manufacturing. The post processing can be categorized as mechanical,
chemical and thermal. Some articles also add irradiation as a category however in most of
these methods the energy from the laser is used to alter local properties which depending
on the intended outcome has been studied under one of the three categories mentioned in
this report. In part a of figure 3, the various post processing methods as well as their
effect to tackle the main defect groups emphasized for polymer AM has been shown. On
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this direction, in part b of the same figure, post-processing methods and their effects on
certain properties has been given. It is possible to see the importance of post-processing as
much better performance can be obtained and make parts more suitable and safe for their
respective use cases.

Figure 3: Post processing methods a) highlighting the certain categories as well as the group
of defects it aims to tackle mainly on polymer AM [5] and b) emphasizing the improvement
of critical properties for mainly metal AM [7]

The post processing starts from the moment the print is finished and also considers steps
such as removal of the part from the build plate, depowdering and support removal before
other post processing techniques. These steps are also vital however in this report we will
mainly focus on treatments that aims to improve a certain property of the part and not
focus on processes that is a part of the flow of AM process. Furthermore, it is also common
to utilize joining technologies to obtain the final part mostly due to the limited size that
can be printed with AM. However, this is a technology of itself containing areas such as
welding, brazing, soldering, mechanical joining and adhesive joining. Therefore it will not
be in the scope of this report. The aim is to showcase various post-processing treatments
categorized under mechanical, chemical and thermal in terms of their mechanism and the
resulting increase in properties.
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2 Mechanical Treatments

2.1 Abrasive Methods

2.1.1 Sandpaper polishing

Sandpaper polishing is one of the preliminary postprocessing methods that is applied
after Additive Manufacturing. Sandpaper polishing of FDM parts are described by Tiwary
et al. [8]. Average surface roughness of the material is decreased from 14.4 µm to 0.407 µm.
However, this didn’t make the parts to preserve the desired dimensions. From this per-
spective, manual sandpapering is not well received for the application that necessiates high
precision. It decreases the average surface roughness however, also increases the wear and
scratches, on the surface.

2.1.2 Fine Abrasive Finishing

Fine Abrasive Finishing (FAF) is a non-conventional post-processing method that utilizes
fine abrasive particles suspended in a carrier medium, such as a liquid, paste, or air. In this
process, the top surface layer is modified at a microscopic level. The primary objective is
not bulk material removal but surface refinement. Surface roughness is reduced by removing
micro-peaks and sealing surface pores. The overall aim is to enhance fatigue life and improve
wear and corrosion resistance.

A study was conducted by Iquebal et al. [9], who combined traditional machining pro-
cesses with a non-conventional fine abrasive finishing (FAF) method for final surface treat-
ment. They used Laser Powder Bed Fusion (LPBF) method to manufacture a cylindrical
SS316L specimen, as shown in Figure 4a, which exhibited an initial surface roughness of
approximately Sa ∼ 15.76 µm.

Afterwards, a flat surface of the cylinder was machined using a milling machine equipped
with a 4-flute end mill, as shown in Figure 4b. Following milling, the surface roughness
decreased to Sa ∼ 1.741 µm. Subsequently, the surface was pre-polished using a Buehler
Metaserv Grinder-Polisher with SiC abrasives of grit size 320. This intermediate step was
necessary before the FAF process to remove machining marks and deep scratches.

The FAF process was then applied by polishing the surface with an alumina-based aque-
ous suspension in multiple cycles. Continuous FAF application can lead to abrasive particle
agglomeration, forming larger clusters that may damage the surface. Therefore, after several
polishing cycles, the abrasive medium was renewed with a fresh suspension.

At the end of the process (Figure 4c), a final surface roughness of approximately 25 nm
was achieved — an exceptionally fine finish for additively manufactured SS316L.

The FAF mechanism improves surface finish and reduces porosity primarily through
material redistribution rather than material removal, allowing the process to enhance surface
quality without affecting the part’s dimensional accuracy [10].
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Figure 4: SS-316L Surface topographies: (a) Laser fabricated surface (Sa ∼ 15.76 µm);
(b) after dry milling (Sa ∼ 1.741 µm); and (c) after fine abrasive finishing (FAF) (Sa ∼
0.025 µm). [9]

The images, shown in Figure 5, were captured using a white-light interferometer during
different stages of manufacturing: after additive manufacturing (AM), after milling, and after
fine abrasive finishing (FAF), sequentially. It can be clearly observed that after the laser
powder bed fusion (LPBF) stage, the surface exhibits a predominant granular structure with
inter-granular voids. Following the face milling operation, the main surface defects observed
are tool marks and chatter-induced deviations. Finally, after the FAF process, the surface
quality is significantly improved, showing an almost uniform and smooth finish.

Figure 5: Evolution of the surface morphology: (a) AM surface (b) Milling Surface, and (c)
FAF Surface [9]

2.1.3 Abrasive Flow Finishing (AFF)

Abrasive Flow Finishing (AFF) is a process that uses a semi-solid material filled with fine
abrasive particles. In this process, the abrasive medium is pushed back and forth through
or across the workpiece. This motion gently removes tiny surface peaks and smooths out
irregularities. The basic principle of the process is illustrated in Figure 6a. These surface
irregularities are generally caused by adhesion, agglomeration, or incomplete melting during
the additive manufacturing process. Tensile residual stresses on the surface may also develop
due to rapid thermal cycles and solidification gradients inherent to metal additive manufac-
turing. AFF provides a feasible and effective way to finish AM parts, improving both surface
quality and mechanical performance.

In the polishing process of Abrasive Flow Machining (AFM), the abrasive medium acts
as a flexible tool that continuously deforms and adapts to the shape of the workpiece [11].
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This medium is typically composed of a polymer-based carrier mixed with abrasive grits,
which remove microscopic amounts of material through scratching and micro-chipping. In
the study by Peng et al. [11], the workpiece was additively manufactured using AlSi10Mg
aluminum alloy. To better measure the surface erosion, a small hole was drilled, and its
bottom was taken as a reference point, as shown in the corresponding Figure 6b. A laser
scanning microscope was used to monitor the surface evolution during the finishing process.

It is important to note that a uniform surface finish requires multiple processing cycles.
As shown in Figure 6b, the main surface defects—primarily caused by unmelted metal
powders and agglomeration—were largely eliminated within the first quarter of the total
processing cycles. Beyond this stage, bulk material removal became dominant. Up to about
90 cycles, the major surface defects disappeared, and from 90 to 390 cycles, additional ma-
terial removal continued to refine the surface.

At the end of the process, the surface roughness (Sa) was reduced to approximately
1.8 µm. It is also noteworthy that AFF not only improves surface roughness but also
significantly reduces tensile residual stresses, leading to enhanced surface integrity.

(a) (b)

Figure 6: (a) schematic of the abrasive flow machining setup, and (b) surface morphology of
the processed part. [11]

2.1.4 Abrasive Jetting (AJ)

In the abrasive jetting process, a stream of abrasive particles is directed onto the surface
to be finished at a predetermined, non-vertical inclination angle [12]. This inclination angle
is an important process parameter. If the jet is completely vertical, the particles collide
directly with the surface, causing excessive erosion. Therefore, an oblique angle is preferred.
The process can be performed manually or along a predefined automated path using a robotic
system. A variety of abrasive materials can be used, such as aluminum oxide, glass beads,
and silicon carbide.
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Leong et al. [13] investigated the finishing of jewelry patterns produced by stereolithog-
raphy (SLA). They used two types of abrasive materials: aluminum oxide and glass beads.
Three other process parameters were examined — blasting time, blasting distance, and air
pressure. The results showed that aluminum oxide performed better as the abrasive medium
for SLA-produced parts. Among the process parameters, air pressure and blasting time had
the most significant effects on the surface quality, while blasting distance had a relatively
minor influence.

Despite its effectiveness, one of the main limitations of the abrasive jetting process is its
lack of flexibility when dealing with complex geometries, especially those involving confined
or curved surfaces [12].

A closely related technique to abrasive jetting is abrasive jet machining. The key distinc-
tion is that abrasive jetting is primarily used as a post-processing or surface-finishing method,
whereas abrasive jet machining is mainly employed for material removal operations such as
cutting hard and brittle materials or drilling micro-holes [14]. In other words, abrasive jet
machining focuses on erosion-based material removal, not on finishing.

2.2 Subtractive Machining Methods

2.2.1 Machining

There is relatively little research on the application of machining processes to additively
manufactured (AM) parts. Pandey et al. [15] investigated whether the staircase surface tex-
ture characteristic of FDM-printed parts could be smoothed using a conventional mechanical
subtractive process — machining with hot cutters. Heating was applied to facilitate material
removal, as the elevated temperature softens the polymer during cutting.

The main process parameters studied were cutting speed, surface inclination, and rake
angle. The results showed that increasing the cutting speed beyond a critical threshold leads
to higher surface roughness. Similarly, increasing the rake angle resulted in rougher surfaces,
while the optimal rake angle for FDM parts was found to be 10°.

In addition to these parameters, other factors such as depth of cut and feed rate also
influence machining performance. The specific effect of the depth of cut on surface quality
was further investigated by Boschetto et al. [16].

2.3 Mechanical Deformation-Based Methods

2.3.1 Ultrasonic Nanocrystal Surface Modification (UNSM)

Ultrasonic Nanocrystal Surface Modification (UNSM) is a mechanical surface treatment
technique in which a hardened tip vibrates at an ultrasonic frequency, superimposed on a
static load applied to the treated surface. The working principle of the UNSM process is
illustrated in Figure 7.
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Ma et al. [17] investigated the effect of UNSM on the surface finish of AlSi10Mg alloy
fabricated by Direct Metal Laser Sintering (DMLS). In their setup, a tungsten carbide ball
was used as the striking tip to scan the surface. During processing, the tool generates high-
frequency ultrasonic vibrations (approximately 20 kHz) with an amplitude between 8–20 µm,
while a static force of about 10 N is applied. The tool continuously scans the surface, induc-
ing severe plastic deformation in the near-surface layer. As a result, the surface roughness
decreases significantly — in their experiments, the Ra value was reduced from 18 µm to
3.5 µm using an 8 µm vibration amplitude.

Additionally, the UNSM process reduces tensile residual stresses and enhances fatigue
resistance of the treated material. The height difference between surface peaks and valleys,
initially reaching up to 100 µm in the DMLS-fabricated part, was reduced to below 15 µm
after UNSM treatment. Furthermore, a significant reduction in surface porosity was also
observed.

The main process parameters are determined to be the static load, dynamic load, interval
between adjacent scan lines, and the scanning speed.

Figure 7: Schematic of the UNSM process [12]

2.3.2 Cavitation Abrasive Finishing (UCAF)

Cavitation is a major challenge in propeller systems, as it damages propeller blades. This
occurs when low-pressure regions in water cause local boiling and the formation of vapor bub-
bles. When these bubbles collapse due to the surrounding high pressure and surface tension,
they generate intense micro-jets and shock waves that impact nearby surfaces. While cav-
itation is considered a serious problem in the naval industry, the same mechanism can be
utilized beneficially for surface finishing. Ultrasonic Cavitation Abrasive Finishing (UCAF)
employs controlled cavitation to improve surface quality and reduce roughness. In this pro-
cess, the surface is subjected to harmonic cavitation shocks, which progressively modify its
microtopography.

Tan et al. [18] implemented the UCAF method on specimens fabricated by Direct Metal
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Laser Sintering (DMLS) using Inconel 625. This material, known for its excellent heat and
corrosion resistance, is widely used in the aerospace industry. The experimental setup in-
volved a high-power ultrasonic generator operating at a frequency of 20 kHz, with vibration
amplitudes of 60 µm and a horn tip diameter of 12.7 mm. The specimen was immersed in
a liquid medium using a fixture, while the horn tip was positioned approximately 0.8 mm
above the specimen to prevent direct contact between the horn, specimen, and abrasive par-
ticles. The schematic representation of the UCAF mechanism is shown in Figure 8.

It is important to note that the experiments were conducted under two conditions: (1) us-
ing cavitation alone, and (2) using cavitation combined with abrasive particles. The abrasive
materials had grit sizes of 400, 800, and 1200, with a concentration of 5 wt%.

Figure 8: UCAF mechanism [18].

The DMLS-produced Inconel 625 surfaces exhibited three main types of irregularities
[18]:

• Almost spherical particles (10–55 µm), corresponding to partially melted powders.

• Irregularly shaped surface peaks (> 60 µm), caused by the agglomeration of several
partially melted powders or by the balling phenomenon.

• Small “step” discontinuities between neighboring layers.

During UCAF processing, cavitation bubbles tend to form around surface peaks. Upon
collapsing, they erode these peaks, leading to a reduction in surface roughness. Specifically,
spherical particles smaller than 60 µm were effectively removed regardless of whether micro-
abrasives were added. However, when micro-abrasive particles were present in the medium,
the shock waves generated by cavitation accelerated these particles, resulting in additional
micro-cutting effects. This was confirmed by the presence of fine cutting marks observed
on the treated surfaces. Consequently, the removal of surface irregularities was significantly
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enhanced when abrasive particles were included.

Surface roughness measurements were obtained using a profilometer and Scanning Elec-
tron Microscopy (SEM). The results showed that the initial surface roughness of approxi-
mately 6.5–7.5 µm (Ra) was reduced to about 2.65 µm after applying the combined cavitation
and micro-abrasive process.

2.4 Mass Finishing

Mass finishing is defined as a group of post-processing methods in which multiple metal-
lic or non-metallic components are simultaneously subjected to abrasive surface finishing
operations to achieve surface refinement, geometry modification, and surface cleaning and
preparation [19]. While standard post-processing techniques such as grinding and linishing
encounter significant difficulties when applied to AM parts with relatively complex geome-
tries that include internal features in addition to external surfaces, mass finishing can serve
as a more suitable alternative [20]. Additionally, since multiple parts can be processed
simultaneously, mass finishing can serve as a cost-effective post-processing method. As re-
ported by Fan et al. [21], the surface finishing cost per part in mass finishing can be reduced
by nearly half compared to sand blasting, depending on the batch size, while maintaining a
consistent surface quality among all processed parts. Although mass finishing (MF) offers
several advantages, as stated by Fan et al. [22] its surface improvement mechanism is highly
complex. The interactions between the media and the workpiece can vary considerably even
within the same process. These interactions and the resulting surface characteristics are
influenced by factors such as media geometry, loading ratio, lubricant flow rate, and the
physical properties of the workpiece. Mass finishing processes are divided into several types
based on bowl movement and media–surface interaction: vibratory surface finishing (VSF),
stream finishing, rotary barrel finishing, centrifugal barrel finishing, centrifugal disc mass
finishing, cascade finishing, and drag finishing [23]. Before discussing the details of these
various mass finishing techniques, some fundamental concepts and mechanisms should be
explained in order to enhance the understanding of these methods.

2.4.1 Abrasive Media

Media in mass finishing processes is defined as a loose or free-flowing abrasive material
contained within a chamber or container. When this media is energized through various
methods, it moves and comes into contact with the workpiece surfaces, enabling mechanical
interaction with the workpiece to remove surface irregularities [19]. In selecting abrasive me-
dia, the geometry, material, and strength of the workpiece must be considered to determine
the appropriate shape, size, material, and weight of the abrasive particles .

• Shape and Size Selection

The shape selection of abrasive media plays a critical role in mass finishing processes. Fig.
9 illustrates several abrasive media shapes, including the most common types such as cylin-
drical, spherical, pyramidal, and sharp-edged star forms [23].
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Figure 9: Some common types of vibrating finishing media [23].

Among the possible contact patterns between the media and the workpiece—planar,
linear, and point—planar contact is the most efficient due to its maximum surface-to-surface
interaction. However, when determining the appropriate abrasive media shape and size, it is
essential to consider the geometry of the workpiece, particularly to ensure effective contact in
recessed, confined, or narrow regions while minimizing the possibility of media lodging within
internal or tight areas of the part. As shown in Figure 10, the shape of the abrasive media
influences the contact efficiency on gear tooth surfaces; the cylindrical media provides limited
contact, while the ellipse-shaped media ensures better interaction with the lower tooth flanks.
In addition, it has been stated that abrasive media also undergoes wear and volumetric mass
loss over time, which can negatively affect the final surface quality and required processing
time [24]. In a study conducted on additively manufactured 316L stainless steel samples,
it was observed that larger media size, due to its higher mass, punching effect, and inertia,
resulted in improved surface quality and higher material removal rate [25].
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(a) A poor media shape choice. (b) Enhanced media shape choice.

Figure 10: Comparison of abrasive media shape choices [24].

• Material & Composition

Five main material types are used for loose abrasive media, including ceramic, plastic and
synthetic, metal, precision, and micro-bite [20]. In mass finishing, abrasives such as alu-
minum oxide, silica, and silicon carbide are embedded within the media matrix during man-
ufacturing through mixing and curing (for plastic media) or sintering (for ceramic media)
[26]. These abrasive particles are gradually exposed as the media wears, enabling consistent
cutting and surface finishing performance. Ceramic media are typically used for aggressive
material removal and durability, especially for hard metals such as steel or titanium alloys,
while plastic or synthetic media are preferred for fine finishing, deburring, or polishing of
softer materials like aluminum or brass due to their lower density and gentler action. Among
these media types, ceramic media have been widely studied due to their broad industrial use.
Uhlmann et al. [26] demonstrated that different ceramic media compositions cause signifi-
cant variations in material removal rate and surface quality. Even the non-abrasive ceramic
medium (RF) reduced surface roughness by about 22.7%, confirming the mechanical effect of
the binder phase. According to their findings, media with higher abrasive content achieved
greater improvement within the same processing time, while the limiting roughness tended
to be slightly higher, although not significantly distinctive across the tested media.

2.4.2 Compound

In mass finishing operations, compounds are typically introduced as both lubricating and
cleaning agents, supporting smooth media–workpiece interaction. Certain compounds are
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chemically active and can enhance the material removal process by accelerating surface reac-
tions. Increasing the level of lubrication encourages the media to slide over the surface rather
than to generate direct normal impacts. This shift reduces the ratio of normal to tangential
impulses, thereby limiting the plastic deformation per impact and consequently resulting in
lower surface hardness. Improved lubrication also leads to a lower friction coefficient, which
minimizes pitting and surface damage, producing a finer polished finish [27]. Moreover, the
presence of lubrication helps prevent ceramic wear debris from embedding into the work-
piece surface, thus achieving smaller surface roughness values (Ra) [28]. However, excessive
use of compound can dampen media motion, reducing the vibratory intensity and overall
process efficiency. Experimental observations further reveal that, under dry (unlubricated)
conditions, media impacts occur primarily in the normal direction, whereas tangential slid-
ing dominates under wet (lubricated) conditions. Consequently, the dry process exhibits a
peening-type effect, while the wet condition favors a polishing behavior. In addition, more
media debris tends to adhere or become embedded on the surface after dry finishing, whereas
in the wet condition, the washing action of the lubricant effectively removes such residues
[28]. Therefore, lubrication in mass finishing is primarily governed by the compound com-
position and its concentration in the process solution, meaning that the balance between
chemical reactivity, cleaning capability, and viscosity directly determines the surface quality
and process efficiency.

2.4.3 Mechanism

According to the article [29], the particle–surface interaction in the vibratory surface
finishing (VSF) process can occur in three distinct modes: free-fall, rolling, and stationary
media impacted by surrounding particles. During the free-fall mode, media pellets strike the
workpiece surface at various angles, generating both normal and tangential impacts. The
normal impacts induce plastic deformation of the surface, whereas the tangential impacts
contribute to material removal and surface abrasion. In the rolling mode, media pellets move
across the workpiece surface, leading to a mixed effect of normal and tangential impacts.
This interaction produces numerous small craters and minor impact peaks, where the mag-
nitude of the forces depends on the inclination of the workpiece surface. In the third mode,
a stationary media pellet remains on the surface while being repeatedly impacted by other
rolling or falling pellets. This results in a single large crater with a longer-lasting impact
force compared to the other two modes and is considered the most common interaction in
the VSF process. At this stage, extensive erosion and breaking of partially attached powder
particles occur, followed by pore filling, which ultimately improves the surface smoothness
and uniformity.
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(a) Different types of media-surface contact.
(b) Normal and tangential impact mecha-
nism between media and workpiece.

Figure 11: Vibratory Surface Finishing Mechanism [23].

The general definitions and mechanisms, as well as the concepts of media and compounds,
are common to the various mass finishing processes. The various mass finishing techniques
described below are built upon this fundamental understanding of the general mechanisms,
media, and compounds.

2.4.4 Types

• Vibratory Surface Finishing (VSF)

In this process, the container is vibrated by an unbalanced mass drive system consisting
of a motor with eccentric weights that generate cyclical vibrations. This motion causes
the media to move in a complex flow pattern and repeatedly impact the workpiece surface.
Among the various mass finishing methods, VSF is the most widely used due to its high
flexibility, process efficiency, and capability to finish components with complex geometries
simultaneously [30].

Figure 12: Vibratory Surface Finishing [23].

• Stream Finishing

In this process, a cylindrical bowl filled with abrasive media rotates around its principal axis
at high speeds, while the workpiece is held stationary by an independently controlled fixture
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and immersed into the rotating media flow. The media particles slide past the workpiece
surface in a dominant direction, generating normal contact pressure and high sliding velocity.
These interactions lead to intensive material removal, surface smoothing, and the induction
of compressive residual stresses [31]. Owing to the high media sliding velocity, the material
removal rate in Stream Finishing is approximately one order of magnitude higher than in
vibratory finishing [32]. Stream finishing, also referred to as centrifugal or gyro finishing

Figure 13: Stream Finishing [31].

• Rotary Barrel Finishing

Rotary Barrel Finishing (RBF) is a process that uses a horizontally oriented container in
which multiple workpieces are tumbled together with freely moving abrasive media. As
the container rotates around its main axis, the motion propels the media at high speed,
generating sufficient pressure and friction on the workpiece surfaces. This continuous circular
movement enables uniform, large-scale finishing of all workpieces within the barrel [23].

Figure 14: Rotary Barrel Finishing [23].

• Centrifugal Barrel Finishing

Centrifugal Barrel Finishing (CBF) consists of multiple barrels that both rotate and revolve
around a central axis at high speed. This dual motion produces strong centrifugal forces,
which push the workpieces away from the container walls. Consequently, the workpieces
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positioned near the center are subjected to the highest forces, leading to significantly greater
finishing efficiency and productivity compared to RBF.

Figure 15: Centrifugal Barrel Finishing [23].

• Centrifugal Disc Finishing

In this process, the workpiece is positioned inside an open drum filled with polishing granules,
while a movable base plate generates a toroidal flow of media. The Centrifugal Disc Finishing
(CDF) method enables intense contact between the media and the workpiece surface, making
it up to twenty times more efficient than conventional vibratory finishing. It is particularly
effective for deburring and edge rounding of complex or detailed components.

Figure 16: Centrifugal Disc Finishing [33].

• Drag Finishing

After the workpiece is fixed in special holders, it is immersed in a container filled with
abrasive media and moved within the media by the motion of the holder. As a result of this
contact, high contact pressure is generated on the workpiece surface, enabling high-precision
surface quality to be achieved in a short time.
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2.5 Fatigue Life Enhancement Processes

Most engineering components fail due to fatigue, which occurs under repeated loading
at stress levels below the material’s nominal strength. Fatigue failure progresses in two
stages: microcrack initiation and crack propagation, eventually leading to fracture. Additive
manufacturing (AM) requires special fatigue considerations due to its unique processing
conditions that create anisotropic microstructures and rapid solidification effects. Three
major AM-related factors reduce fatigue strength. First, surface roughness decreases fatigue
performance because features such as the staircase effect, balling, and incomplete melting
create numerous crack initiation sites. Second, internal porosity and voids, which result from
gas entrapment or insufficient fusion, act as internal defects that significantly weaken the
material under cyclic loading. Third, tensile residual stresses form due to thermal gradients
during layer-by-layer fabrication, promoting crack initiation and growth. Since current AM
technology cannot completely eliminate these issues through process parameter optimization
alone, post-processing is necessary to improve fatigue performance. These methods focus on
surface enhancement, defect reduction, and introducing compressive residual stresses. [34]

2.5.1 Burnishing

The burnishing process is a cold forming operation in which no material removal takes
place. Its main purpose is not only to eliminate surface roughness through plastic deforma-
tion, but also to enhance properties such as hardness, wear resistance, residual compressive
stresses, and fatigue life of the part. The microscopic surface asperities (peaks) are plasti-
cally deformed under the applied pressure and the movement of the indenter, flowing into
the surface valleys and thereby producing a smoother, brighter, and harder surface. The in-
denter, which comes into direct contact with the workpiece, can be roller-type or ball-type,
and its materials are generally alumina, carbide ceramics, cemented carbide, silicon nitride
ceramics, silicon carbide ceramics, and bearing steels. Roller indenters have several advan-
tages, such as being easy to manufacture, allowing for simple adjustment of the applied force,
providing a larger contact area, and thus enabling a higher feed rate. However, compared to
ball indenters, roller indenters are less adaptable to complex geometries of parts. Moreover,
ball indenters can achieve better efficiency under the same applied force. [23]

Chueca de Bruijn et al. [35] investigated the ball burnishing process as a post-processing
technique for parts produced by the Fused Filament Fabrication method, which typically
exhibit surface roughness due to the stair-stepping effect. Their study demonstrated that
ball burnishing significantly reduced surface roughness and led to an increase in both impact
energy absorption capacity and fatigue life of the parts. Among the investigated parameters,
the applied force and the number of tool passes were identified as the most influential factors
affecting the process performance. Furthermore, as showed in fig. 17 the parts printed in
the orientation perpendicular to the burnishing direction achieved better surface quality,
although no significant improvement was observed in fatigue life for this configuration.
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Figure 17: Schematic of the ball-burnishing process showing the burnishing strategy used
for each type of FFF sample: X-Flat and X-Edge. [35].

The conventional ball burnishing (BB) process has been further developed into a more
advanced variant known as Ultrasonic Vibration-Assisted Ball Burnishing (UVABB). In this
enhanced process, an additional vibratory ultrasonic oscillation is superimposed on the con-
ventional linear forward motion of the burnishing tool. This results in a reciprocating motion
of the tool in the feed direction, which improves the dynamic contact between the tool and the
surface. It is important to note that the main difference between vibratory ball burnishing
and ultrasonic ball burnishing lies in their vibration frequency. While conventional vibratory
burnishing typically operates within the 20–50 Hz frequency range, ultrasonic-assisted bur-
nishing utilizes much higher frequencies in the kilohertz (kHz) range. This high-frequency
excitation significantly enhances the plastic deformation behavior of the surface layer, leading
to finer surface finishes and improved mechanical properties [23]. Ultrasonic-Assisted Ball
Burnishing (UABB) is a highly effective post-processing technique for improving the surface
quality and hardness of various metallic components produced by Additive Manufacturing
(AM) [36].

2.5.2 Shot Peening

In this post processing technique; small, hard and generally spherical particles are pro-
pelled at high velocity toward the surface. Upon impact, these particles transfer kinetic en-
ergy to the surface, causing localized plastic deformation. The plastically stretched surface
attempts to expand laterally, but this expansion is constrained by the underlying material
mass. As a result, work hardening occurs and compressive residual stresses (CRS) develop
at and near the surface. Almen intensity is one of the most important indicators of the
shot peening process and is related to the characteristics of the shot media type, mass, size,
velocity, and hardness. Higher Almen intensity generally results in greater plastic deforma-
tion and compressive residual stress. Additionally, because AM parts typically have higher
surface hardness than the conventional options, the hardness of the shot media must be
carefully selected to achieve the desired effect[23].
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2.5.3 Laser Shock Peening

Laser shock peening creates compressive stresses by sending strong shock waves into the
material with short, powerful laser pulses. When the laser hits the surface, it produces a
layer of high pressure plasma. A clear layer on top ,often water, keeps this plasma from
spreading outward. Because it is confined, the pressure is directed down into the material,
forming a strong mechanical impact. This shockwave produces localized plastic deformation
at a much deeper depth compared with conventional SP, resulting in deeper and higher mag-
nitude compressive residual stresses. Moreover, LSP causes minimal surface roughening and
less strain hardening, making the induced stresses more stable. Although LSP equipment
and operation are significantly more expensive, it provides superior fatigue improvement [23].

Hackel et al. [37] studied how laser peening and shot peening can enhance the fatigue
resistance of additively manufactured 316L stainless steel samples. Their results showed that
laser peening, due to its ability to induce compressive residual stresses much deeper, provides
the most significant improvement in fatigue life. Figure 18 illustrates the laser peened, shot
peened, and as-built samples they used in their study.

Figure 18: Laser peened, shot peened, and as-built samples [37]
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3 Thermal Treatments
Thermal post-processing treatments are a important step in additive manufacturing es-

pecially for metallic and for certain polymeric parts. They are chosen to reduce residual
stresses, homogenize microstructures, and enhance mechanical properties. Theses methods
includes high temperature and the parameter such as temperature and pressure depends
on the materials and the expected properties at the end. The temperature of heating and
cooling as well as the rate will influence the microstructure, the duration needs to be long
enough to ensure that the part reached the equilibrium and so a uniform microstructure.
A controlled atmosphere can be usefull to avoid unwanted reaction. Theses heat-treatment
will be presented in this chapter. [38]

3.1 Hot Isostatic Pressing (HIP)

Hot isostatic pressing is used after sintering to densify the pre-consolidated powder. A
typical HIP equipment can be seen in Figure 19. During the process, the part is enclosed
within a high-pressure chamber in a controlled atmosphere (usually made of an inert gas)
and the temperature is set between the solvus temperature and the melting point (generally
between 1000°C and 2000°C and the pressure up to 200MPa).[39]

Figure 19: HIP process

Under these high temperature and pressure, the part will undergo plastic deformation
and densification, hence a reduction of porosity and voids until 0.01%. This is mainly used
for metallic and ceramic part. [38]

At first, it has been developped to consolidate parts but nowadays it is mainly used to
increase the density of metallic and ceramic powders. This treatment do not change grain
structure and neither the columnar grain. However, it improves the overall mechanical prop-
erties by increasing strength, ductility and plasticity. It also reduces the chemical segregation
and homogeneity of the microstructure. Benedetti, Toressani and al. increased the fatigue
of a part from 221 cycles to 369 cycles and so an improvement of 170% [40]
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3.2 Sintering and filtering

Another method to consolidate a part is sintering and filtering. These heat treatments
are increasing the density of a green body (a compact powder body) to a solid with the
desired microstructure. [41]

In sintering, the particle coalescence without liquefaction of them is possible thanks to
the controlled heating done below the melting temperature of the main component. If HIP is
combined to this process, the process is enhanced. The driving force during the densification
if the reduction of surface area. There is some mass transportation mechanism such as sur-
face diffusion, lattice diffusion, vapor transportation and grain-boundary diffusion. The final
microstructure needs to be controlled to prevent excessive grain coarsening, which is strongly
influenced by the initial particle size, surface condition, grain-boundary characteristic and
packing density before sintering. The density can be increase up to 99%. [42]

During filtration, the pores in the part is filled with a liquid metal or alloy that has a
lower melting point. The capillary forces allow the liquid to spread into interconnected pores
and fills the entire volume. The driven force in this method is also the reduction of surface
energy and the infiltration is easier if the wetting angle is low between the material and the
liquid and if there is a pressure gradient. [43]

However it is complicated to adjust the final microstructure with HIP, sintering or infil-
tration. Therefore a traditional heat treatment is needed to reduce internal stresses, improve
ductility and fatigue resistance.

It is also possible to do it on polymer parts, as seen in Figure 20, the part is immersed
inside low-viscosity thermoset liquid where with the help of vacuum the resin is allowed to
diffuse inside the material. Once the pores are filled, a curing step is realized for crosslinking
and therefore, strengthening of these once void regions.

!

Figure 20: Infiltration [5].

Impens and Urbanic in their study tried the effect of epoxy, cyanoacrylate and polyurethane
as infiltrates to study their effect on tensile and compressive strength of the component [44].
It was shown that with respect to a control sample, each case resulted in enhanced mechanical
properties.
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3.3 Annealing

One of the most common thermal post-processing method for metallic part is annealing.
The parts are heated and cooled to reduce internal stress and improve their toughness and
ductility.

The method is heating up and maintaining a part at a specific temperature and then
cooling it. The heating and cooling rates are important and need to be controlled because it
will impact the final properties. For steels and Fe-based alloys, normalizing (heating above
the upper critical temperature followed by air cooling) refines grain size and produces a
uniform ferrite–pearlite or bainitic structure. It is useful for parts that have heterogeneous
microstructures with columnar grains or chemical segregation. [45]

After quenching or a martensitic transformation, a tempering can be done to decrease
brittleness by controlling precipitation of carbides and a reduction of internal stresses. For
tool steels fabricated by laser powder bed fusion, tempering after quenching increases tough-
ness and fatigue resistance while maintaining the hardness. Several tempering cycles are
sometimes required to achieve consistent microstructural stability. [45]

Annealing steels and titanium alloys below the recrystallization temperature increase
stress relief and sub-grain coarsening without changing the phase composition, it also improve
ductility while maintaining the strength. [45]

At higher temperatures, full recrystallization can occur, leading to the formation of
equiaxed grains and elimination of cellular or columnar textures. This transformation ho-
mogenizes the microstructure and reduces anisotropy, excessive grain growth but dislocation
annihilation may decrease yield strength and hardness. For example, in SLM-fabricated Ti-
6Al-4V, annealing around 700–800°C transforms the brittle α’-martensite to a more ductile
α+ β structure and so it shows a better elongation but a reduced ultimate tensile strength.
Similarly, in stainless steels and nickel superalloys, annealing create segregation of alloying
elements such as Cr, Mo, and Nb at grain boundaries and stabilize corrosion behavior.[45]

3.4 Solution treatment and aging

Hardenable alloys can be precipitated such as AlSi10Mg, maraging steels, and Ni-based
superalloys. They require a combination of solution treatment and aging to have an optimal
strength. Solutionizing dissolves segregated solute atoms and homogenizes the alloy matrix,
typically around the solvus temperature (between 520–540°C for AlSi10Mg; 980–1050°C for
Inconel 718). Rapid quenching keed a supersaturated solid solution, and subsequent aging
(between 150–180°C for Al alloys or 480–550°C for Ni- and Fe-based alloys) precipitates
nanoscale strengthening phases such as Ni3(Ti, Al), β′ −Mg2Si, or Cu-rich clusters. [45]

For AM components, STA adjust mechanical properties more effectively than annealing
alone. Studies report significant increases in yield strength and hardness up to 30–40% while
maintaining or slightly reducing ductility. However, improper thermal cycles can cause over-
aging, coarsening of precipitates, and decreased toughness.[45]
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3.5 Stress-relief heat treatment (SRHT)
Methods at low temperature such as stress-relief treatments can be performed (for steels,

typically 550–700°C; for Ti-alloys, 600–750°C) to reduce residual stresses without changing
the microstructure. These stresses are coming from steep thermal gradients and repeated
melting/solidification cycles from the additive manufacturing process. SRHT decreases dis-
tortion and cracking, and so increase dimensional stability and improved machinability. [46]

The mechanism create localized plastic relaxation and rearrangement of dislocation net-
works. For nickel-based superalloys (such as Inconel 718) and precipitation-hardened steels
(for example 17-4 PH), stress-relief treatment prior to solutionizing and aging helps prevent
crack initiation during high-temperature stages. [46]

The mechanism creates localized plastic relaxation and rearrangement of dislocations.
For nickel-based superalloys and precipitation-hardened steels, stress-relief treatment prior
to solutionizing and aging helps prevent crack initiation during subsequent high-temperature
stages. Kumar and al. proved it can increase average hardness of 23.03

3.6 Thermal debinding

Thermal debinding is the first post-processing step for parts made from binder jetting
(BJT), material extrusion (MEX), or fused filament fabrication (FFF) using metal or ce-
ramic. The main goal of this process is to remove the organic binder or polymeric additives
used to shape and hold the powder particles together during printing but still maintain-
ing the structural integrity of the porous “brown part” prior to sintering. This is achieved
by controlled heating in an inert atmosphere (argon or nitrogen), reducing (hydrogen), or
vacuum conditions to prevent oxidation and other unwanted reactions. The temperature
profile is composed of isothermal plateaus to gradually decompose the binder components
and increase their diffusion and evaporation through interconnected pore channels. A slow
heating rate is essential because too rapid heating can cause internal gas pressure buildup,
leading to swelling, cracking, or delamination of the part. [47]

Some part made from binder jet (BJT), material extrusion (MEX) or fused filament
fabrication (FFF) using metal or ceramic need to remove the binder and the main method
is thermal debinding. The goal is to remove the organic binder or polymeric additives used
to shape and hold the powder particles together during printing but still maintaining the
structural integrity of the porous “brown part” before sintering. This is done at a controlled
temperature, in an inert atmosphere (often made of argon or nitrogen) to minimize oxidation
and other unwanted reactions. [?]

For example Dehghani et al. did the debinding in two step for stainless steel. First,
a low-temperature phase (200–400°C) to evaporate volatile solvents and waxes, and then a
higher-temperature phase (400–600°C) to thermally decompose polymeric binders such as
polyvinyl butyral (PVB) or polyethylene glycol (PEG). After the binder is removed, the
structure retains 60–65% of its theoretical density and exhibits sufficient strength for sin-
tering at 1300–1360°C. The heating rate need to be optimize as well as the duration and
the atmosphere to minimise internal cracking and warping but still ensuring homogene de-
binding throughout the component thickness as shown by Zissel. Lecis et al. demonstrated
that, for binder-jetted 17-4 PH stainless steel, if an optimized thermal debinding cycle (2°C
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min−1 up to 600°C in nitrogen, 4h hold) followed by sintering at 1360°C is done, the relative
density will be superior to 97% and the tensile strength increase to approximately 820 MPa,
and this is comparable to wrought steel. Similarly German, R. M. shows that for tungsten
and alumina alloy, thermal debinding combined with catalytic or solvent debinding steps are
preventing defect formation during sintering. [48]

The driving force of thermal debinding is the reduction of the system’s free energy through
the removal of high-energy organic surfaces, enabling particle rearrangement and densifica-
tion. The process kinetics can be described by Fickian diffusion of the binder vapor through
the evolving pore network, often modeled by the Washburn equation. Furthermore, the de-
binding atmosphere significantly influences the chemical composition of the part: hydrogen
atmospheres enhance carbon removal in steels, while vacuum or nitrogen minimize oxidation
for reactive alloys such as titanium. [47]
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4 Chemical Treatments
Chemical treatments are another important subset of post processing done to additively

manufactured parts. The aim is to improve the properties of the components with the main
advantage being the ability to also process surfaces that are hard to reach with mechanical
methods discussed in section 2. The relative affordability and accessibility of the methods
also makes it treatments that are frequently used [23]. The main treatments will be discussed
in this section.

4.1 Chemical Polishing

Chemical polishing or sometimes referred as chemical etching or chemical bath finishing
is one of the main chemical treatments done on AM parts. It is a process that is used for
both metal and polymer parts. The part is immersed inside a chemical solution and is kept
at a certain temperature for a certain amount of time. The content of the chemical solution,
the temperature and the duration is optimized for different materials. Consequently, the
roughness of the surface is decreased however it comes with a tradeoff of geometrical devia-
tion [5, 49]. In the work done by Tyagi et al. chemical polishing was applied to SS316 using
DS-9-314 solution comprising of a mixture of H3PO4, HCl and HNO3. The samples were
kept between 30 to 90 minutes at 75oC. Using the optimized procedure, roughness (Sa) was
seen to decrease from 13.88 to 5.22 [50]. In another study internal cavity of an inconel sam-
ples roughness was reduced 23% however a reduction in thickness of 50 µm was reported [51].

A research has been done to better the surface finish of ABS parts produced by FDM. A
solution consisting of 90% Acetone and 10% water was used to keep the part for 300 seconds.
The roughness (Sa) was lowered down to 1.88µm with slight decrease in tensile strength and
a slight increase in flexural strength was reported [52]. It is common to observe acetone
being used for this purpose due to its affordability, low toxicity and high diffusion [53] which
is why chemical polishing done with acetone on polymeric parts is sometimes referred as
acetone dipping [23].

4.2 Vapour smoothing

Vapour smoothing is a process that is commonly applied to polymeric components. In-
stead of submerging the parts inside a solution as in the case of chemical polishing, the
solution is vaporized and interacts with the surface of the component. As a result, a semi-
solid slurry is formed where due to the surface tenison gradients a reflow of the surface
occurs filling the valleys decreasing surface roughness [54]. The illustraion of the set up is as
illustrated in figure 21. Study conducted by Chohan et al. studies vapour smoothing done
on ABS parts manufactured with FDM for biomedical applications. They have reduced the
surface roughness by 93% to achieve 0.21µm [55] which highlights the significance of this
technique in terms of property improvement.
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Figure 21: Vapour Smoothening [5].

4.3 Coating

Coating is a post-process that is often utilized with many methods to achieve certain
properties of the surface. It is also used after an AM process to tackle mostly the roughness
of the surface. There are many methods to coat a substrate, ranging from dip coating, spray
coating to manual brushing or spraying. In all of these methods the valleys as well as the
peaks are filled with the coat material to achieve a smooth surface. One disadvantage being
the deviations of geometry from the CAD file. Another is the adhesion of the coated layer
to the surface. Therefore, care must be given in process parameters to be applied. Zhu and
his colleagues in their study, dip coated parts with different parameters [56]. In figure 22,
the respective quality of the coatings are imaged. With this figure, the importance to have
optimized process parameters are emphasized and the decrease of roughness is visualized.

!

Figure 22: Dip coating done under different process paramers shown through a-d [56].

4.4 Electroplating

Post-processing can also be applied not only to mitigate the defects that might have
arisen during the manufacturing process but also to enhance the properties of the part.
Electroplating is one such method where the aim is to deposit a thin layer of metallic part
on top of the part. In this sense it is similar to coating mentioned in the above subsection
however electrical and chemical principles are applied together in this process. The process
illustration is given in figure 23. The sample and the desired plating material is used to
create a cell where the part acst as the cathode and the plating material as the anode.
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The electrolyte allows for the metallic ions form at the anode to reduce in the cathode to
eventually form the metallic thin layer covering the surface.

!

Figure 23: Electroplating illustration [5].

This method has been applied to impart corrosion resistance, hardness, impact and tensile
strength on the manufactured parts [5]. Furthermore, roughness can also be decreased
coming from the same principles as coating. This process is also applicable to polymeric
materials where conductivity can be imparted as well as improvement in roughness and
strength.

4.5 Electrochemical finishing

Electrochemical finishing also utilizes both chemical and electrical principles, with the
metallic workpiece serving as the anode. Therefore, instead of depositing to the workpiece,
material is subtracted allowing to essentially polish the surface. The setup of the cell is given
in figure 24 (a). The advantage of this method consists of the capability to control precisely
the process conditions due to them relying on well studied electrochemical principles. In
figure 24, the comparison of as built part and after electrochemical finishing is shown. It is
possible to observe that the surface roughness has visibly decreased including the internal
cavities.
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Figure 24: a) The schema of a Electrochemical finishing cell and b) comparison of as built
and electrochemically finished sample [49].
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5 Conclusion
Additive manufacturing allows the production of complex geometries in parts. However,

there are still challenges such as surface roughness, residual stresses, porosity, anisotropic mi-
crostructures, and dimensional inaccuracies after processing. Post-processing treatments are
therefore needed to ensure that parts keep their mechanical, thermal, and surface properties
required for their applications.

In this report, the main categories of post-processing: mechanical, thermal, and chemical
were analyzed to show how each impact the quality of AM parts. Mechanical treatments, such
as abrasive flow machining, ultrasonic surface modification, and shot peening, are improving
and refining surface topography, decreasing compressive residual stresses, and improving
fatigue strength. The component’s lifetime are longer and there is fewer crack initiation
sites caused by staircase effects or partially melted powder particles.

Thermal treatments are used mainly for microstructural optimization. Processes such as
hot isostatic pressing (HIP), sintering, and infiltration directly reduce porosity and so in-
crease densities up to 99% in metallic systems. Traditional heat treatments such as annealing,
stress-relief, solution treatment, and aging enable stress relaxation, phase homogenization,
and precipitation hardening, allows to refine mechanical properties and combinations of
strength and ductility can be optimized. These methods are enhancing fatigue resistance
and corrosion stability. Furthermore, thermal debinding is used as a transitional stage that
ensures the removal of polymeric binders and prevents deformation or cracking during sin-
tering.

Chemical post-processing methods improve surface defects inaccessible to mechanical
tools. Techniques such as chemical polishing, vapor smoothing, electroplating, and electro-
chemical finishing allow a controlled removal or deposition at the microscale, and it gives
smoother surfaces and improved corrosion resistance. These methods are particularly useful
for complex geometries with internal channels where mechanical finishing is impractical.

Overall, the integration of several post-processing techniques often combining mechanical,
thermal, and chemical treatment maximizes surface integrity and bulk mechanical perfor-
mance. The studies reviewed demonstrate that selecting appropriate treatments specific to
the material system and application is essential to have good performance. The reached
properties thanks to post-processing can be as high as traditionally machined parts. Hence,
additive manufacturing is not only for prototyping.
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